It is generally believed that the cardiac fibers of the right vagus nerve terminate , in large part, near the sinoatrial node and some fibers distribute widely in the atria , and that most of the cardiac fibers of the left vagus supply the atrioventricular node and bundles.
On the other hand, there are opposite conclusions regarding the existence of the vagus nerve endings in the ventricles.
Electrical stimulation of the vagal fibers to the heart has usually been performed in the open chest animal or in the heart-lung preparation of the dog. Many investigators agree with the inhibitory nature of the vagal innervation on the heart, while there is some evidence for existence of the cardio-accele rator fibers in the vagus nerve (1-4). Middleton et al . (5) have concluded that some vagal fibers make connection with the chromaffin cells or the adrenergic neurons located in or near the heart by demonstrating an adrenaline-like substance in the perfusate of the cat's heart which is responding with the increase in rate and amplitude to vagal stimulation.
McEwen (6) has observed an inhibitory effect of vagal stimulation in the rabbit's heart for many hours after the isolation.
He , further, has demonstrated that the vagal stimulation restores the normal rhythmicity of contraction in the atria arrested by suspending in the bath for many hours , and that the same vagal stimula tion inihibits the regular rhythm restored by the addition of acetylcholine . Using the same type of preparations, Burn and Rand (7) have observed the restarting effect of vagal stimulation on the heart which ceased to beat by cooling.
The marked acceleration of the repolarization phase in the atrial membrane poten tials of the dog's and rat's hearts in situ following vagal stimulation has been shown by Hoffman and Suckling (8) and Biersteker et al. (9) . Similar observation was made on the turtle's heart in situ by Churney et al. (10) . Although the vagal effect on the membrane potentials of the isolated frog's heart was demonstrated by Hutter and Trautwein (11) , the vagal effect on the atrial or ventricular membrane potentials of the isolated mammalian heart has not hitherto been presented. During the study of the effect of va,al stimulation on the transmembrane potentials (12) , the authors have been confronted with many difficulties which should be previously removed in the isolated atrial preparation with the vagal innervation. Accordingly, the present report concerns with the physiological studies on the effects of vagal stimulation on contrac tion rate and amplitude in the isolated rabbit's and guinea-pig's atria.
METHODS
Thirty rabbits weighing 1.8 to 2.5 kg and fifty guinea-pigs weighing 250 to 400 g were used.
Preparation of the vagally innervated atria of the rabbit or the guinea-pig: The preparation was made by the method of McEwen (6) . Immediately after sacrifice of the animal by cutting the common carotid arteries the chest was opened by parasternal incision, and the heart with the bilateral vagi and sympathetic nerves, sternum, clavicles, ribs, esophagus, trachea, bronchi and cervical and upper thoracic vertebrae was isolated total ly. The thoracic contents were immersed in the oxygenated nutrient solution at 30°C.
After resection of the ventricles the cardiac branches of the vag.;i and atria were cleaned out from other tissues. The atria attached with the va;us nerves were suspended in the nutrient solution, the composition of which will be described below, and the atrial contraction magnified ten times via a spring lever was recorded on the smoked paper.
Stimulation of the vagus n.-rv,-s: The square wave stimuli delivered from the Nihon Koden Kogyo electronic stimulator (Type M3E-3) were applied, unless otherwise stated, to both vagi placed on the platinum electrodes above the surface of the nutrient solu tion. Care was taken to keep the nerve as wet as possible. The intensity of stimula tion was usually submaximal and the time length of stimulation was 30 seconds.
Calculation of the changes in rate and amplitude of contraction before, during and after stimula tion of the nerves : The rate of atrial contraction was counted for 30 seconds before, during and after stimulation and expressed in terms of rate/min. The experiment was never started before the rate of spontaneous contraction was constant and three successive vagal stimulation gave nearly equal responses. The interval of every stimulation was usually 5 minutes, being enough to obtain uniLorm and reproducible responses.
The negative chronotropic and inotropic responses to vagal stimulation were deter mined as percent reduction in rate and amplitude of the atrial contraction during stimulation of the vagi. For the comparison of the effects of various experimental treatments on the vagal responses, percent changes of the responses after treatments were calculated.
The nutrient solution : The composition of the nutrient solution was as follows : NaCI 9.00 g (158.3 mm), KCl 0.42 g (5.6 mm), CaC12 0.12 g (0.82 mm), NaHCO3 0.30 g (3.5 mm) and glucose 1.00 g (5.6 mm) in 1,000 ml of distilled water. Compared with the composi tion of the nutrient solution employed usually for the isolated heart, the concentration of CaC12 was reduced to one-half. Further increase in frequency induced no more facilitation of the response, and the response-frequency curve reached a pla teau. In the guinea-pig's preparation, on the other hand, the facilitation of the vagal response at frequencies from 1 to 10/sec was marked in the rate, but was not so in amplitude.
Further increase in frequency produced a plateau in the response-frequency curve, and at frequencies of 500 and 800/sec the vagal response in rate and amplitude decreased slightly.
In the guinea-pig's prepara tion the vagal responses in contractile rate at the frequency of 1/sec and 4/sec were 27% also reduced both responses (Fig. 3) . The vagal response at a temperature of 37°C in rate and amplitude was reduced to 30% and 54% of that at 30°C. Thus, the atrial responses to vagal stimulation were affected in the course of the rise or fall of temperature. The atrial response to vagal stimulation upon the re-adjustment of tem perature to 30`C was weaker than the original response at 30°C, and 15 to 20 minutes were usually required until the original response was obtained. The effects of the tem perature change on the atrial responses to vagal stimulation were almost the same in rabbit's and guinea-pig's preparations. When acetylcholine (10-8 to 3 x l0-8) was applied to the guinea-pig's vagus-atria preparation at 30°C, the rate and amplitude of spontaneous contraction were reduced by 10 to 15% and 40 to 70% of controls, respectively. The effects of the same concentra tion of acetylcholine on the rate and amplitude of the guinea-pig's atria, which were immersed in the nutrient solution for 20 minutes at the temperature of 25°C and 35°C and reduced the response to vagal stimulation by 25 to 45%, were tested. As shown in Table 1 , the negative chronotropic response to acetylcholine was considerably aug mented by a fall of temperature to 25°C and was reduced by a rise of temperature show the contraction rate/min before, during and after vagal stimulation.
Effects of oxygen deprivation
The continuous cessation of oxygen-bubbling in the nutrient solution produced the progressive and marked decrease in amplitude of the spontaneous contraction and the slight but gradually developing decrease in the spontaneous rate. The vagal response in rate and amplitude of the atrial contraction, on the other hand, was gradually aug mented 5 to 10 minutes after the cessation of oxygen supply and the peak effects were observed 20 to 40 minutes thereafter when the amplitude of the spontaneous contraction was markedly decreased (Fig. 4) . Fig. 5 shows the percent increase of the vagal responses in rate and amplitude following the cessation of oxygen supply and the recovery from it due to a full re-oxygenation. Only one (case III) out of 5 preparations was not affected by the treatment. Remaining 4 preparations were markedly or moderately increased in the response by the cessation of oxygen supply, although the degree was subjected to significant individual variations. The decrease in rate and amplitude of the spontaneous 
Effects of magnesium
The effects of magnesium addi tion in molar concentrations of one and a half, two, three and four times of calcium in the nutrient solution were studied. The rate and ampli tude of the spontaneous contraction were only slightly decreased by the addition of magnesium.
As shown in Fig. 7 , the vagal responses in rate and amplitude of the atrial contraction were not definitely affected by the addition of magnesium in concentration of one and a half to four times of calcium. Among eight preparations tested, two showed a moderate reduction of the vagal re sponse in rate, one a slight reduction in amplitude, and the remaining preparations showed no significant changes. The further addition of magnesium did not affect the vagal responses. The augmenting effects on the -vagal responses of the increase in calcium concentration were not antagonized by the addition of magnesium. There was no dif ference of the effects of magnesium between rabbit's and guinea-pig's preparations.
Effects of potassium
A two-fold increase in concentration of potassium in the nutrient solution markedly decreased the rate and amplitude of the spontaneous atrial contraction. The decrease in amplitude manifested immediately after the addition of potassium, and the peak effect served immediately after the cessation of stimulation . A two or four-fold increase in concentration of calcium antagonized the decrease in amplitude of the spontaneous contraction induced by excess potassium, but potassium and calcium cooperatively aug mented the vagal response of the atria . In the atria which ceased to beat or which were going to cease by an increase in concentration of potassium to 16.8 mm/1 (three-fold increase) , the vagal stimulation often restored the spontaneous beat (Fig. 10) . However, the duration of the re-appearance of spontaneous beat was subjected to individual variations from several seconds to several minutes. When the spontaneous atrial contraction was abolished by an excess amount of potassium, the administration of acetylcholine in concentrations of 10-a to 10_7 in guinea pig's atria and of 10-s to 5 x 10 in rabbit's atria sometimes restarted the spontaneous beat transiently.
However, such restarting effect of vagal stimulation or the ad ministration of acetylcholine was obtained only within a short period after the atrial arrest and not after 20 minutes. The similar restarting effects were obtained by the addition of calcium in concentrations of 0.82 to 1.64 mm/1 and of adrenaline in a con centration of 10-6. The restarting effect of calcium appeared gradually. The recovery in rate was incomplete and usually of 20 to 40 beats/min, while that in amplitude was considerably marked. On the other hand, the administration of adrenaline markedly restored both rate and amplitude, but the recovering effect lasted only for 5 to 10 minutes. 
Effects cf scdi2,,,m
The replacement of a half of sodium in the nutrient solution with the isotonic sucrose solution sign acantly increased the amplitude of the atrial spontaneous 'contrac tion. The maximum increase in amplitude was observed 10 to 20 minutes after replace ment and then declined gradually, but about 20% increase was still observed 40 minutes later (Fig. 11) . The rate of the spontaneous contraction was not affected or slightly decreased by the replacement. The red--ction of sodium to one-fourth in the nutrient solution produced a further increase in the amplitude and 80 to 90% increase was ob served 20 to 30 minutes later. Thereafter, the increased amplitude declined slightly and the steady level of the amplitude was obtained.
In contrast to the increase in amplitude, the rate of spontaneous contraction decreased gradually until about 40% decrease was observed 40 minutes after the reduction of sodium to one-fourth (Fig. 11) . Sometimes, an extreme reduction in rate was followed by manifestation of arrhythmia or arrest of the spontaneous beat. The similar irregularities of the rate and amplitude and the abrupt arrest of the spontaneous beat were observed 5 to 22 minutes after the reduction of sodium to one-sixth or one-eighth. In the atria which ceased to beat by a reduction of sodium to one-fourth or one sixth, vagal stimulation often restored the spontaneous contraction.
The restarted con traction was maintained for 30 seconds to 10 minutes (Fig. 13) . However, the atria arrested similarly by a reduction of sodium to one-eighth were never restarted by the vagal stimulation. The atria arrested by a replacement of sodium with the isotonic sucrose were not restarted by an addition of acetylcholine 10-8 to 10-5 but restarted by an addition of adrenaline 10-s. The pattern of the restart by adrenaline was closely similar to that by the vagal stimulation. The response of the rabbit's atria to the replacement of sodium did not markedly differ from that of the guinea-pig's atria.
Effects of barium
The effects of barium in concentrations of 1.5 to 3.0 mm/1 on the spontaneous atrial contraction and the vagal responses of the atria were studied in rabbit's and guinea-pig's preparations. 
DISCUSSION
The results obtained from the physiological studies of the rabbit's and guinea-pig's atria with the vages nerves are summarized in Table 2 . Though the vagus nerves-atria preparation of guinea-pig was easily isolated, the success of the preparation from rabbit was about 60%. Intensity of electrical stimuli required for eliciting the negative chronotropic and inotropic effects to vagal stimutation strikingly differed according to the animal species and also individuals in the same species. The effective intensity of the stimuli usually ranged from 3.2 to 5.1 V for rabbit's preparations, while stimulation of the vagus nerves of guinea-pig's preparations at intensity of 0.5 to 2.0 V elicited the marked effects. Very weak stimuli such as 0.01 V occasionally produced significant vagal effects in guinea pig's preparations. In accord with the differential sensitivity to vagal stimulation between the atria of both species, the negative response to added acetylcholine also differed between both species. Guinea-pig's atria responded well to concentrations of 10_s to 3X10-' of acetylcholine, while rabbit's atria to a concentration of 10-6. In the physiological experiments the spontaneous contraction and the atrial responses to vagal stimulation were tested under variable experimental conditions. A number of investigators obtained the negative chronotropic and inotropic responses to vagal stimulation of the isolated atrial preparation but the frequency of stimuli used varied considerably (7, 10, 20, 23 or 25/sec). Recently, Burn and Weetman (13) have reported that the responses of the vas deferens to hypogastric nerve stimulation of various fre quencies differ not only quantitatively but also qualitatively. Detailed studies in the present experiments on the relationship between the stimulus frequency and the nega tive chronotropic and inotropic effects showed that the optimal frequency was 20/sec in rabbit's preparation and 10 to 20/sec in guinea-pig's preparation . The stimulus fre quency giving a maximal response to the cat's heart in situ was 30/sec (14) and some what higher than the frequency required for the isolated rabbit's and guinea-pig's heart It was reported that the amount of acetylcholine released in the perfusate of the superior cervical ganglia by pregang lionic stimulation at a high frequency (10/sec) was reduced by cooling of the ganglia (19) but the acetylcholine release by a low frequency of stimulation (2/sec) was not af fected (20) . Therefore, blockade of the cardiac ganglia and the postganglionic structures under cooling may possibly derive from the diminution of the release of acetylcholine from the pre and postganglionic terminals.
Rise of the temperature of the nutrient solution above 30°C also reduced the responses of the atria to vagal stimulation. The responses of the atria to added acetyl choline were also diminished by the elevation of the temperature to 35°C. Whittaker (21) has shown that the intragranular acetylcholine is totally released by incubation of the mitochondrial fraction of the brain homogenate in the isotonic sucrose solution for 90 minutes at 37°C. The amplitude of action potentials in the human vagus nerve was reported to be maximum at 56°C and reduced in proportion to the lowering of temperature (22) . Although the conduction velocity of the rabbit -vagus nerve and the release of acetylcholine from the vagus nerve terminals may be increased by the rise of temperature, the decrease in sensitivity of the atria to acetylcholine may surpass them and result in the decrease in the vagal effects. The responses of the atria to vagal stimulation were augmented by deprivation of oxygen supply but the responses to added acetylcholine were not affected. Washizu (23) has shown that the electrical excitability of the motoneuron in the anterior horn of the isolated toad spinal cord increases at the initial phase of oxygen deficiency. Brooks and Eccles (24) explained that the increased excitability of motoneuron derived from the depolarization of the synaptic membrane due to oxygen deficiency. Ruch and Fulton (25) describe that extreme anoxemic state results in increased outflow of the intracellular potassium from the heart and the corresponding changes of ECG, and that the similar ECG changes are produced by hyperkalemia. Trautwein et al. (26) have shown a reduction in the resting potential of isolated papillary muscle fibers and Purkinje fibers of the cat's heart under oxygen deprivation. These facts lead us to the conclusion that deficiency of oxygen supply to the atria induces either increase in extracellular potassium or/and decrease in intracellular potassium and these changes in the potassium concentration result in the increased atrial response to vagal stimulation.
The calcium concentration in the standard nutrient solution used in the present studies was decreased to one-half of normal Ringer solution. The addition of calcium to the standard solution markedly increased the amplitude of the spontaneous beat but did not affect the rate. The similar effects of calcium on the spontaneous beat was shown by Webb (17) . It is likely that the positive inotropic effect of calcium derives from the affection of E-C coupling by the increased uptake of calcium. A two-fold increase in calcium concentration markedly augmented the atrial responses to vagal stimulation. Further increase in calcium concentration to a four mold did not further increase the effects of vagal stimulation, despite the manifestation of further increase in amplitude of the spontaneous contraction. It has been confirmed electrophysiolo gically that the addition of calcium does not affect the release of acetylcholine from the neuromyal junction in resting state but this ion increases the release of acetylcho line followi-,g presynaptic stimulation. Hodgkin and Keynes (27) have shown that the influx of 45CaCl2 increases during stimulation of the squid giant axon. Citing the demonstration of Cleland and Slater (28) that calcium taken up by the heart muscle fiber destroys the structure o-' sarcosome, Hodgkin and Keynes have suggested that cal cium taken up by the nerve fi.'_-ers during stimulation destroys the synaptic vesicle located in the nerve terminals and thereby releases acetylcholine. The increased responses of the atria to vagal stimulation observed a "ter the first addition of calcium may derive from the increased release of endogenous acetylc zoline from the synaptic vesicles. Failure to increase the vagal response by further addition of calcium may be due to exhaus tion of the easily available acetylcholine. The ass amption is supported by the fact that calcium did not affect the responses of the atria to added acetylcholine.
The addition of magnesium has been reported to antagonize the action of calcium on the neuromyal junction and to reduce the release of acetylcholine from the motor nerve endings (29, 30) . Therefore, the dose of magnesium added to the nutrient solu tion was determined according to the concentration of calcium. The addition of mag nesium in the concentration of 1.23 to 3.28 mm/1 did not affect the atrial responses to vagal stimulation in many preparations, but reduced the responses in a few prepara tions. The depressant effect of magnesium was independent of the concentration employ ed. In addition, the application of magnesium did not affect the increase in the atrial responses to vagal stimulation following the addition of calcium. The addition of potassium to the atrial preparation reduced the rate and amplitude of the spontaneous beat. The reduction in amplitude was long-lasting and recovered only partially about 30 minutes after the addition. The depressant effect of potassium may be due to the antagonistic action of potassium against calcium in the E-C coupling or alternatively, due to the depolarizing action of potassium with subsequent partial block of the conduction system. The depolarization of the cat's and rabbit's atrial fibers in the increased concentration of extracellular potassium was shown by Burgen and Terroux (31) and Hoffman (32) . If it is possible that the decrease in the resting potential induces the conduction failure and thereby the decrease in the amplitude of spontaneous con traction, the partial recovery of the amplitude 30 minutes after the addition of potas sium may result from a partial restoration of the resting potential due to intracellular uptake of added potassium. The addition of potassium in a higher concentration (three-fold increase) progressively depressed and finally abolished the spontaneous beat. Stimulation of the vagi or the addition of acetylcholine in the concentration of 10-$ to 10' in the guinea-pig's atria and of 10-6 to 5 x 10_6 in the rabbit's atria sometimes restarted the spontaneous contraction. The restarting effect of vagal stimulation suggests that the vagi are more resistant than the atrial muscle to conduction failure resulting from the depolarization. Marshall and Vaughan Williams (33), Marshall (34) and Burn and Rand (35) have shown that higher concentrations of quinidine and eserine, or cooling of the preparation decreases the resting potential of the atrial muscle fibers below 60 mV and abolishes the spontaneous contraction by blocking the impulse conduction from the sinoatrial node to the atrial muscle, and that the addition of acetylcholine or vagal stimulation restarts the spontaneous contraction by recovering the impulse conduction with the increase in the resting potential. The results obtained in the present experi ments that the stimulation of the vagus nerves or the addition of acetylcholine restarted the spontaneous rhythmicity of the atria arrested by potassium may be another example of the experiments of Burn et al.
The abolition of the spontaneous rhythm caused by the addition of potassium was easily and markedly antagonized by the addition of calcium and adrenaline. The antagonistic effect of calcium was clearly shown against the amplitude-decreasing effect of potassium. It has been reported (36) that the lowering of resting potential caused by excess extracellular potassium is diminished if extracellular calcium is elevated. How ever, it has not been proved whether the abolished rhythm caused by excess potassium is recovered due to the increase in resting potential following the addition of calcium.
On the other hand, the antagonistic effect of adrenaline against both rate and amplitude decreasing effects of potassium manifested abruptly and markedly but transiently.
In the experiment using the toad's heart Hayashi and Azuma (37) showed that the decrease in resting potential caused by excess potassium could he recovered by the addition of adrenaline. However, such effect of adrenaline on the mammalian heart has not been reported elsewhere. The addition of potassium augmented the atrial response to vagal stimulation. It has been postulated that the increase in concentration of extracellular potassium decreases the resting potential of the nerve fibers (38) , and this depolarization may contribute to the increase in excitability of the nerve. Whittaker (21) showed that the increase in concentration of extracellular potassium did not affect the release of acetylcholine from the storage granules of brain homogenate. However, using the same experimental 
